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We consider an isotropic and homogeneous universe in loop quantum cosmology. We assume that
the matter content of the universe is dominated by dust matter in early time and a phantom matter
at late time which constitutes the dark energy component. The quantum gravity modifications to
the Friedmann equation in this model indicate that the classical big bang singularity and the future
big rip singularity are resolved and are replaced by quantum bounce. It turns out that the big
bounce and recollapse in the herein model contribute to a cyclic scenario for the universe. We then
study the quantum theory of a massive, non-minimally coupled scalar field undergoing cosmological
evolution from primordial bounce towards the late time bounce. In particular, we solve the Klein-
Gordon equation for the scalar field in the primordial and late time regions, in order to investigate
particle production phenomena at late time. By computing the energy density of created particles at
late time, we show that this density is negligible in comparison to the quantum background density
at Planck era. This indicates that the effects of quantum particle production do not influence the
future bounce.
PACS numbers: 04.60.Pp, 98.80.Qc, 04.62.+v
I. INTRODUCTION
Quantum field theory (QFT) in curved space-time is
the theory of quantum fields propagating on a classical
background [1–3]. This theory has provided a good ap-
proximate description of quantum phenomena in a regime
where the quantum effects of gravity do not play a dom-
inant role, but the effects of curved space-time may be
significant. In particular, this theory was applied to the
description of quantum phenomena occurring in the early
universe or close to the black holes. Nevertheless, in
the regimes arbitrarily close to the classical singularities
where the space-time curvatures reach Planckian scales,
quantum effects of gravity cannot be neglected, hence,
the theory of quantum fields in classical curved space-
time is no longer valid. Therefore, it is expected that the
quantum nature of the space-time would have to be taken
into account while studying the QFT in Planck era.
The theory of quantum gravity is one of the major open
problems in physics, even though by now there are some
interests in loop quantum gravity (LQG) [4–6]. Loop
quantum cosmology (LQC), is one possible approach to
investigating quantum gravity effects in the early uni-
verse by using the quantization techniques from LQG,
which provides a number of concrete results [7–11]. In
particular, LQC predicts that the quantum modification
of space-time geometry at early times replaces the big
bang singularity by a big bounce when the energy den-
sity of the universe approaches the Planck energy [12–14].
While the model shows the key role played by quantum
effects in resolution of big bang singularity at early time,
∗Electronic address: tavakoli@cosmo-ufes.org
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the question whether quantum gravity effects can also be
manifested in large scale cosmology has been investigated
in Refs. [15–17].
According to several astrophysical observations, our
universe is undergoing a state of accelerating expan-
sion. Such experiments indicate that the matter con-
tent of the universe, leading to the accelerating expan-
sion, must contain dark energy component (with equa-
tion of state pDE = wdρDE where wd < −1/3) which
constitutes 68% of the total matter content of the uni-
verse [18]. The recent astrophysical data as observed
by the Planck (using baryon acoustic oscillation (BAO)
and Wilkinson Microwave Anisotropy Probe polarization
low-multipole likelihood (WP) data), for a constant wd
and a universe with the flat spatial section, indicates that
wd = −1.13+0.24−0.25 at 2σ [18]. From now on, we will thus
suppose that dark energy is phantom, that is wd < −1.
When the universe is expanding, the density of dark mat-
ter decreases more quickly than the density of dark en-
ergy, and eventually the matter content of the universe
becomes dark energy dominant at late times. Therefore,
dark energy might play an important role on the impli-
cations for the fate of the universe [19]. In the context
of dark energy cosmology, there have been many classi-
cal investigations into the possibility that expanding uni-
verse can come to a violent end at a finite cosmic time,
experiencing a singular fate. However, the effects of LQC
correction might impose an upper bound for the density
of dark energy at late time, that lead to resolving the
future singularities and replacing them by a quantum
bounce. Interestingly, this indicates that the scale fac-
tor of the universe undergoes contracting and expanding
phases periodically, so that the universe can possess an
exactly cyclic evolution [15, 17].
One restriction in experiencing the quantum gravity
is that the Planck energy scale is very far beyond the
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2reach of standard experiments such as particle acceler-
ators. Ultra-high energy phenomenas, possibly capable
of probing the Planck scale, have occurred at early uni-
verse. Although we cannot re-do the early universe, we
can witness its consequences. While the theory of quan-
tum fields propagating on classical FLRW background is
well-known, there has been some attempts to develop the
theory of test quantum fields propagating on a quantum
cosmological space-time where the background geometry
is governed by the LQC model of the homogeneous and
isotropic universe [20–23]. These studies have also pro-
vided an extension of the quantum theory of cosmolog-
ical perturbations to the Planck era [22]. Furthermore,
by a similar study of the QFT on a Bianchi I quantum
space-time, it has been provided some phenomenological
insight into the effects of the quantum nature of geometry
on the propagation of test fields and the possible viola-
tion of the local Lorentz symmetry [21]. These effects
might be possibly observed in some cosmological experi-
ments. A general prediction of the QFT in a curved back-
ground at early universe is that particles can be created
by time-dependent gravitational fields [24–29]. Interest-
ingly, a cyclic universe in LQC which initiated from a
big bounce and then expanding towards a future bounce,
may provide a background with no unique vacuum state.
This implies a mechanism for quantum particle produc-
tion, and further provides a circumstance in which one
can measure and observe interesting QFT phenomena at
Planck era in an expanding universe. This constitutes
our main goal to investigate within this paper.
In this paper we study the quantum fields propagating
on a cosmological background governed by the improved
dynamics framework LQC. The paper is organized as fol-
lows. In section II we consider a Friedmann-Lemaˆıtre-
Robertson-Walker (FLRW) universe dominated by a dust
matter in the past and a phantom dark energy compo-
nent in the future; then, by employing LQC modifica-
tions to the Friedmann equation, we show that, the clas-
sical big bang and big rip singularities are resolved and
are replaced by quantum bounces at Planck era, one in
early time and the other at late time. It will be further
shown that such expanding and recollapsing phases lead
to a cyclic behaviour for the universe. In section III we
study the QFT in quantum cosmological background we
presented in section II. We will then pay a particular at-
tention on the mechanism of particle production in the
universe at late time. Finally, we will present the conclu-
sions and the results of our work in section IV.
II. QUANTUM COSMOLOGICAL SCENARIO
We consider a FLRW universe whose matter content
constitutes a dust matter with the density ρmatt, and a
dark energy with the density ρDE; its total energy density
ρ reads
ρ = ρmatt + ρDE . (2.1)
The total energy density ρ must satisfy the conservation
equation:
ρ˙+ 3H(ρ+ p) = 0 . (2.2)
Furthermore, we assume that there is no interaction be-
tween dark matter and dark energy components, so that,
each component must also satisfy the local conservation
equation:
ρ˙matt + 3Hρmatt = 0 , (2.3)
ρ˙DE + 3H(ρDE + pDE) = 0 . (2.4)
In effective loop quantum cosmological scenario, evo-
lution equations of the universe are given by the modified
Friedmann equation [14]
H2 =
κ
3
ρ
(
1− ρ
ρcrit
)
, (2.5)
and the Raychaudhuri equation
H˙ = −κ
2
(ρ+ p)
(
1− 2 ρ
ρcrit
)
, (2.6)
where κ := 8piG and ρcrit = 0.41ρPl is the upper bound
for the energy density of the universe provided by quan-
tum gravity (ρPl is the Planck energy density) [14].
Our goal in this section is to construct a cyclic cosmo-
logical scenario in LQC (see for example [15]). Therefore,
we consider an expanding phase for the universe initiated
at a preferred instant of time, ti = 0, being the initial
quantum bounce resulted from loop-quantum-gravity ef-
fects at early time [12]. Then, in the far future when the
density of the dark energy components becomes large and
comparable with the Planck energy, modifications to the
Friedmann equation given in LQC, again give rise to a
quantum bounce for the fate of the universe. Within this
scenario, we can select two cosmological phases which,
as in QFT, can play the role of ‘in’ and ‘out’ regions for
the quantum (scalar) fields propagating on the quantum
background; they are, respectively, the ‘initial’ and ‘late
time’ bounces.
In this model we assume that the matter content of the
universe is dominated by dust matter (ρ ≈ ρmatt) at early
time, and is dominated by dark energy with phantom
component (with the density ρ ≈ ρDE) at late time. We
consider that transition from matter dominant phase to
dark energy dominant phase occurs at the present time
t = t0. Let us describe these two cosmological regimes in
more details:
(i) In the region 0 < t < t0, we assume that the matter
content of the universe is dominated by a dust fluid
whose density is ρmatt with the pressure pmatt =
wMρmatt = 0. Then, from Eq. (2.3) we obtain
ρ(a) ≈ ρmatt = ρcrit
(
a
ai
)−3
. (2.7)
3In this region, we assume that at some very early
time t = ti = 0, the universe begins to expand; in
other words, at ti = 0, we have that a˙(t = 0) = 0
and a¨(t = 0) > 0. Therefore, from the modi-
fied Friedmann equation (2.5) we have that the en-
ergy density of the universe has its maximum value
ρ(0) = ρcrit at t = 0, where it is at a minimum scale
a(0) = ai. Then, for t > 0 the energy density of
the universe (i.e., dust component) decreases until
present time t = 0, when the energy density and
the scale factor of the universe are ρ(t0) = ρ0 and
a(t0) = a0, respectively. By integrating the Fried-
mann equation (2.5), we obtain time evolution of
the energy density in this region as
ρ(t) = ρcrit
(
1 +
3
4
κρcritt
2
)−1
. (2.8)
Then, by substituting this in Eq. (2.7), time evolu-
tion of the scale factor a(t) of the universe in this
regime is obtained as:
a(t) = ai
(
1 +
3
4
κρcritt
2
)1/3
. (2.9)
(ii) In the region t0 < t < tb, the universe becomes dark
energy dominant: ρ¯ := ρ(t > t0) ≈ ρDE. The dark
energy component is assumed to be a fluid satisfy-
ing the equation of state pDE = wdρDE, where wd
is a constant. Then, from equation of conservation
(2.4) we find the density of dark energy component
as
ρ¯ ≈ ρDE = ρ0
(
a¯
a0
)−β
, (2.10)
where a¯(t) := a(t > t0) and β = 3(1 + wd) < 0
(for a phantom fluid with wd . −1). This implies
that the energy density of the universe, in this re-
gion, increases until it reaches an upper bound ρcrit
in the future. By integrating the Friedmann equa-
tion (2.5) for this case, we find the time dependent
energy density (2.10) as
ρ¯(t) = ρcrit
[
1 +
κ
12
ρcritβ
2(tb − t)2
]−1
. (2.11)
This equation indicates that, in the far future, at
some times t = tb the energy density of the universe
reaches its maximum ρ¯(tb) = ρcrit and the universe
bounces; a˙(tb) = 0. By replacing a¯(tb) = ab, at
which ρ¯ = ρcrit, in Eq. (2.10), we obtain the scale
factor ab of the universe at the future bounce:
ab = a0
(
ρcrit
ρ0
) 1
|β|
. (2.12)
Consequently, we can obtain the evolution of the
scale factor in the late time era by substituting ρ¯(t)
in (2.10) from Eq. (2.11):
a¯(t) = ab
[
1 +
κ
12
ρcritβ
2(tb − t)2
]− 1|β|
. (2.13)
By setting ρ¯(t0) = ρ0 in Eq. (2.11) at present time,
the time tb at which the universe hits a bounce in
the future is determined:
tb = t0 +
√
12
κρ0β2
(
1− ρ0
ρcrit
)
= t0 +
6H0
κρ0|β| . (2.14)
Considering that at present time t = t0 we have
ρ0/ρcrit  1, the Friedmann equation (2.5) can
be approximated as H20 ≈ κρ0/3. Putting this in
Eq. (2.14) we obtain
tb ≈ t0 + 2|β|H0 . (2.15)
In this equation, by setting t0 as t0 ∼ 1/H0, we
obtain tb ∼ (1 + 2/|β|)t0, indicating that the uni-
verse will hit a bounce in some time (2/|β|)t0 in the
future.
From the matching condition at t = t0 for the two (past
and future) cosmological regions we have that the time
derivative of the scale factors satisfy a˙(t0) = ˙¯a(t0) which
corresponds to H(t0) = H¯(t0) = H0. Suppose that
ρ0/ρcrit  1 at present time, the Hubble rate takes its
classical limit, H20 ≈ κρ0/3. This leads to the matching
of energy components of the universe in two cosmological
regions: ρ(t0) = ρ¯(t0) = ρ0.
Figure 1 presents a numerical solution for the scale
factor a(t) of the universe in our model, considering si-
multaneously both fluids, where a(t) oscillates in the re-
gion ai < a < ab between the primordial and late time
bounces. Notice that the values we have used for the pa-
rameters are not necessarily realistic; they were chosen
for a better visualisation of the scenario.
III. QUANTUM FIELD THEORY
We consider the cyclic cosmological background, re-
sulted from LQC, which was presented in the previous
section. In this section, we study the propagation of
quantum fields on this background space-time. Then, we
investigate circumstances for creation of quantum parti-
cles near the future bounce.
A. Scalar field on the quantum corrected FLRW
background space-time
Let us consider a real (inhomogeneous) scalar field
φ(t, ~x) on a FLRW background, whose Lagrangian is
Lφ = −1
2
(
gab∂aφ∂bφ+m
2φ2 + ξRφ2) , (3.1)
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FIG. 1: Numerical solution for the scale factor of the universe,
governed by Eqs. (2.5) and (2.6), for the rescaled choices of
parameters β = 3(1 +wd) = −6.6, ρ0/ρcrit = 0.005, ai = 0.56
and a˙(0) = 1. This shows an oscillatory behaviour for the
scale factor in the whole evolution of the universe.
where R is the curvature of the gravitational system; the
coupling constants ξ = 0 and ξ = 1/6 denote respec-
tively, to the cases of minimally and non-minimally cou-
pled scalar fields. By variation of the Lagrangian above
with respect to φ, we obtain the Klein-Gordon equation(
−m2 − ξR)φ(t, ~x) = 0 . (3.2)
Performing the Legendre transformation, one gets the
canonically conjugate momentum for the test field φ, de-
noted by piφ, on a t = const slice. Then, for the pair
(φ, piφ), the classical solutions of the equation of motion
(coming from (3.1)) can be expanded in Fourier modes:
φ(t, ~x) =
1
(2pi)
3
2
ˆ
d3k φ~k(t)e
i~k·~x, (3.3)
piφ(t, ~x) =
1
(2pi)
3
2
ˆ
d3k pi~k(t)e
i~k·~x, (3.4)
where the Fourier coefficients φ~k(t) and pi~k(t) satisfy the
commutation relation {φ~k, pi~k′} = δ(~k + ~k′), and the re-
ality conditions φ∗~k = φ−~k and pi
∗
~k
= pi−~k [2].
In the conformal form, the FLRW metric reads
gabdx
adxb = C(η)
(−dη2 + d~x2) , (3.5)
with η being the conformal time where C1/2(η)dη = dt.
For convenience, we introduce the auxiliary field given
by χ := aφ, so that, each mode of the form φ~k := χ~k/a
satisfies the equation
χ′′~k + Ω
2
k(η)χ~k = 0 . (3.6)
A ‘prime’ denotes to the derivative with respect to the
conformal time η. The frequency Ωk is given by [1]
Ω2k(η) := k
2 + C(η)
[
m2 + (ξ − 1/6)R] , (3.7)
where k2 = |~k|2, and R(η) = 3(C ′′/C2 − C ′2/C3); for
the case C(η) = a2(η) the curvature reads R = 6(a′′/a3).
The normalization condition for χ~k is given by [2]
W (χ∗~k, χ~k) = χ~kχ
∗′
~k
− χ∗~kχ′~k = 2i . (3.8)
The functions χ~k satisfy the initial conditions at a partic-
ular moment of time ηi, being the preferred mode func-
tions which determine the (initial) vacuum state, or the
lowest energy state.
In this paper, we will consider a non-minimal coupling
scalar field, i.e., ξ = 1/6. In this case, the frequency (3.7)
reduces to
Ω2k(η) = k
2 +m2a2(η) . (3.9)
In order to find the evolution of quantum fields in our
cosmological background in all times, we need to consider
both cosmological regions (i.e., 0 < t < t0 and t0 < t <
tb) as described in section II.
It is difficult to solve the Klein-Gordon equation (3.6)
for the general forms (2.9) and (2.13) of the scale fac-
tor, so that we will consider some simplifications. To do
that, we first divide the entire evolution of the universe
into two phases: one which characterizes the “primordial
bounce” phase (t → 0), for which it is possible to solve
the Klein-Gordon equation, so that, the solution natu-
rally contains the structure of the vacuum state of quan-
tum fields (say, the ‘in’ region). The other which charac-
terizes the “late time bounce” phase (t→ tb). Then, we
will investigate the possibility of the particle creation at
the late time bounce (i.e., the ‘out’ region).
(i) In the ‘primordial phase’, close to the initial bounce
where t → 0, one may expand the general expres-
sion of the scale factor (2.9) as
a(t) = ai
(
1 + s2t2
)
+O(t4) , (3.10)
where s2 := κρcrit/4. In terms of the conformal
time η, by using the relation a−1dt = dη, we can
rewrite the scale factor (3.10) as
a(η) ≈ ai sec2 (saiη) . (3.11)
This indicates that as t → 0, then η → ηi = 0
at the initial bounce; a(ηi = 0) = ai. Then, for
small η, close to the initial bounce, we can expand
Eq. (3.11) and take the first order terms:
a(η) ≈ ai + s2a3i η2 , (3.12)
from which we have (to the first order terms)
Ω2k(η) ≈ ω2i + 2m2a4i s2η2 . (3.13)
where ω2i := k
2 + m2a2i . For later convenience,
let us define new variables x :=
√
2
√
2msaiη and
ω˜2i = ω
2
i /2
√
2msa2i ; in terms of these variables, we
5rewrite the Kelin-Gordon equation (3.6) for the fre-
quency (3.13) as
∂2χ~k
∂x2
+
(
ω˜2i +
x2
4
)
χ~k(x) = 0 . (3.14)
This equation presents a parabolic cylinder equa-
tion whose solution can be written as a combination
of hypergeometric functions 1F1(p, q, ix
2/2) [30]:
χ~k(x) = e
−i x24
[
c1 1F1
(
p1, q1, ix
2/2
)
+c2x 1F1
(
p2, q2, ix
2/2
)]
, (3.15)
where c1,2 are constants, p1 = (iω˜
2
i /2 + 1/4), q1 =
1/2; and p2 = (iω˜
2
i /2 + 3/4), q2 = 3/2. Let us
rewrite the solution (3.15) in the form
χ~k(x) = c1χ
(1)
~k
(x) + c2χ
(2)
~k
(x) . (3.16)
Then, by expanding the hypergeometric functions
1F1(p, q, ix
2/2) as series [30], we obtain
χ
(1)
~k
= 1− ω˜2i
x2
2!
−
(
1
2
− ω˜4i
)
x4
4!
+ · · · (3.17)
χ
(2)
~k
= x− ω˜2i
x3
3!
−
(
3
2
− ω˜4i
)
x5
5!
+ · · · (3.18)
Considering only to the order x3 for odd series (and
x2 for even series), Eq. (3.16) reduces to
χ~k(x) ≈ c1 cos(ω˜ix) +
c2
ω˜i
sin(ω˜ix) . (3.19)
By choosing c1 = 1/
√
2ωi and c2 = iω˜i/
√
2ωi, we
can rewrite (3.19), in terms of the conformal time
η, as a typical normalized quantum vacuum state:
χ~k(η) =
1√
2ωi
eiωiη , (3.20)
which is in fact the initial vacuum state at η →
ηi = 0. Moreover, with the same choices of c1,2
in Eq. (3.15) we have the solution for the quantum
modes at any time. Notice that, the modes (3.20)
are the negative-frequency solution with respect to
η, therefore, all modes with equal ωi are complex
solutions of Eq. (3.6) such that, for a chosen mode
function vk(η) of that equation, the general solution
χ~k(η) can be expressed as [1]
χ~k(η) =
1√
2
[
A−~k vk(η) +A
+
−~kv
∗
k(η)
]
, (3.21)
where A±~k are constants of integration (being the
so-called “annihilation” and “creation” operators
with respect to the mode χ~k in quantum theory),
and the mode function vk(η) is given by
vk(η) =
1√
ωi
e−iωiη , (3.22)
which is normalized due to W [vk, v
∗
k] = 2i given in
Eq. (3.8). Imposing the reality condition χ∗~k(η) =
χ−~k(η) into Eq. (3.21) we get A
+
~k
= (A−~k )
∗; then by
using Fourier series we can express the expansion
of χ(η, ~x) as
χ(η, ~x) =
1
(2pi)
3
2
ˆ
d3k χ~k(η, ~x) , (3.23)
where χ~k(η, ~x) is given by
χ~k(η, ~x) = A
−
~k
vk(η)√
2
ei
~k·~x +A+~k
v∗k(η)√
2
e−i~k·~x. (3.24)
In the summation above we have changed the vari-
ables as ~k → −~k.
(ii) At the ‘late time phase’ as t → tb, the scale factor
(2.13) can be approximated as
a¯(τ) = ab
(
1− s˜2τ2)+O(τ4) , (3.25)
where τ := t − tb and s˜2 := κ12ρcrit|β|. Replacing
a¯(t) in a¯dτ = dη from Eq. (3.25), by integration we
obtain the scale factor in terms of the proper time:
a¯(η) ≈ ab − s˜2a3b(η − ηb)2 , (3.26)
where ηb is the proper time at which the universe
hits a bounce at late time. The Eq. (3.26) looks
like the primordial scale factor (3.12), so that, with
a similar analysis we obtain the scalar field as so-
lution to Klein-Gordon equation. In particular, for
(3.26) the frequency (when considering only first
order terms) reads
Ω2k(η) ≈ ω2b − 2m2a4b s˜2(η − ηb)2 . (3.27)
where ω2b := k
2 + m2a2b . By introducing y :=√
2
√
2ms˜ab(η−ηb), the Klein-Gordon equation for
the frequency (3.27), in terms of new variable reads
∂2χ~k
∂y2
−
(
y2
4
− ω˜2b
)
χ~k(y) = 0 , (3.28)
where ω˜2b := ω
2
b/2
√
2ms˜a2b . The differential equa-
tion (3.28), as before, is a parabolic cylinder equa-
tion whose solutions can be expressed as [30]
χ
(1)
~k
= 1− ω˜2b
y2
2!
+
(
1
2
+ ω˜4b
)
y4
4!
+ · · · (3.29)
χ
(2)
~k
= y − ω˜2b
y3
3!
+
(
3
2
+ ω˜4b
)
y5
5!
+ · · · (3.30)
Taking only the orders x3 for odd series and x2 for
even series, we express the total solution to (3.28)
as a combination of (3.29) and (3.30):
χ~k(y) ≈ c˜1 cos(ω˜by) +
c˜2
ω˜b
sin(ω˜by) , (3.31)
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FIG. 2: Time evolution of the quantum field mode χk(η),
given by the Klein-Gordon equation (3.6), evolving between
the initial and final bounces. We considered the following
rescaled choices of parameters in our numerical analysis: β =
3(1 + wd) = −6.6, ρ0/ρcrit = 0.005, ai = 0.56, a˙(0) = a˙i = 1,
k = 0.5 and m = 0.001 in Planck units.
for arbitrary constants of integration c˜1 and c˜2. For
the choices of c˜1 = 1/
√
2ωb and c˜2 = iω˜b/
√
2ωb,
Eq. (3.31) reduces to χ~k(η) ∼ eiωb(η−ηb)/
√
2ωb,
indicating a (negative-frequency solution) vacuum
state at late time (i.e., the ‘out’ region).
For each mode, the general solution to the Klein-
Gordon equation (3.6), in terms of the mode func-
tion uk(η) of the ‘out’ vacuum, can be expanded,
by using the new Bogolyubov coefficients as [1]
χ~k(η) =
1√
2
[
B−~k uk(η) +B
+
−~ku
∗
k(η)
]
, (3.32)
in which a new complete orthonormal set of
(positive-frequency) modes uk was considered as
uk(η) =
1√
ωb
e−iωb(η−ηb) . (3.33)
Notice that, similar to the ‘in’ region in the primor-
dial phase, uk(η) herein this phase, defines the final
vacuum state in the ‘out’ region as η → ηb. The
B±~k are constants of integration; similarly they are
the annihilation and creation operators in quantum
theory, but, with respect to the new vacuum state
uk(η). Therefore, similar to (3.24) we can express
the solution χ~k(η, ~x) as
χ~k(η, ~x) = B
−
~k
uk(η)√
2
ei
~k·~x +B+~k
u∗k(η)√
2
e−i~k·~x, (3.34)
where we again applied ~k → −~k in the second term.
Figure 2 shows typical numerical solution to the Klein-
Gordon equation (3.6) for the field in the herein cyclic
cosmological model, for sub-planckian values of the mass
m and wavenumbers k. It presents an oscillatory be-
haviour for scalar field evolving in the universe between
the initial and final bounces. When those parame-
ters become trans-planckians, the oscillations give places
to asymptotically divergent behaviour, as could be ex-
pected.
Frequencies (3.13) and (3.27) are the same for a mass-
less field, thus, the solutions (3.24) and (3.34) can be
written in the form of the plane waves in two phases.
Since the solutions must be continuous, there is no final
effect in the final bouncing phase for particle production.
However, in the massive case situation is totally different.
In order to discuss this more precisely, we will calculate,
in the following section, the Bogolyubov coefficients at
the final bounce in the presence of non-unique vacuum
solutions in the ‘in’ and ‘out’ regions.
B. The Bogolyubov transformations
In quantum theory, the mode operator χˆ~k(η, ~x) can be
expressed through the creation and annihilation opera-
tors [1]: in the primordial phase, where η → 0 (denoted
by ‘in’ region), constants A±~k are denoted to be the anni-
hilation and creation operators. Thus, replacing this in
Eq. (3.24) we obtain the mode operators:
χˆ
(in)
~k
(η, ~x) = Aˆ−~k
vk(η)√
2
ei
~k·~x + Aˆ+~k
v∗k(η)√
2
e−i~k·~x. (3.35)
Similarly, for the late time bounce phase, where η → ηb
(denoted by ‘out’ region), from Eq. (3.34) we obtain the
mode operators as
χˆ
(out)
~k
(η, ~x) = Bˆ−~k
uk(η)√
2
ei
~k·~x + Bˆ+~k
u∗k(η)√
2
e−i~k·~x. (3.36)
The expansions (3.35) and (3.36) express the same field
χˆ~k(η, ~x) through two different sets of functions, so the k-
th Fourier components of these expansions must agree
χˆ
(in)
~k
(ηc, ~x) = χˆ
(out)
~k
(ηc, ~x) , (3.37)
at any transition time η = ηc. (We can consider ηc = η0
to be the transition time from matter dominant region to
the dark energy dominant region.) Furthermore, continu-
ity condition at η = ηc, from one era to another implies
that the (conformal) time derivative of mode functions
must satisfy
∂χˆ
(in)
~k
(ηc, ~x)
∂η
=
∂χˆ
(out)
~k
(ηc, ~x)
∂η
. (3.38)
From the matching conditions (3.37) and (3.38) we obtain
Bˆ−~k = αkAˆ
−
~k
+ β∗kAˆ
+
−~k , (3.39)
and
Bˆ+~k
= α∗kAˆ
+
~k
+ βkAˆ
−
−~k . (3.40)
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in which the old annihilation and creation operators Aˆ±~k
are expressed through the new operators Bˆ±~k , with the
η-independent (complex) Bogolyubov coefficients:
αk =
√
ωb
2
√
ωi
(
1 +
ωi
ωb
)
e−i(ωi−ωb)ηc−iωbηb , (3.41)
βk =
√
ωb
2
√
ωi
(
1− ωi
ωb
)
e−i(ωi+ωb)ηc+iωbηb . (3.42)
Using these coefficients we can express the primordial
basis vk(η) in terms of the late time one, uk(η), as
vk(η) = αkuk(η) + βku
∗
k(η) . (3.43)
Since vk(η) and uk(η) are normalized, it follows that
αkα
∗
k − βkβ∗k = 1 . (3.44)
The coefficient βk is associated with the created particles.
More precisely, in the Heisenberg picture, the initial vac-
uum state |0in〉 in the ‘in’ region is the state of the system
for all time. The physical number operator which counts
particles in the ‘out’ region reads Nˆk = Bˆ
+
~k
Bˆ−~k [1]. Then,
the mean number of uk-mode particles in the state |0in〉
is given by
Nk = 〈0in|Nˆk|0in〉
= βkβ
∗
k =
ωb
4ωi
(
1− ωi
ωb
)2
, (3.45)
which is to say that the vacuum state of the vk modes
contains Nk particles in the uk mode. For a massless
scalar field, ωi = ωb = |~k|, thus, αk = 1, βk = 0 and
the mean density Nk is zero; therefore, no particle is
produced in the case of a massless scalar field in the ‘out’
region.
C. The energy density of created particles
The relation (3.45) is the average number of late time
particles per spatial volume and per wave number k. The
energy density of the ` particles in the vacuum state |0in〉
for each mode vk reads ρk = (
1
2 + `)ωi, where wi/2 is the
zero-point energy. Since the chosen quantum state corre-
sponds to the ‘in’ vacuum |0in〉, then in the ‘out’ region
(η → ηb) the combined mean density of total particles for
each mode k (after subtracting the zero-point energy) is
ρk = Nkωi [33]. Then, for all modes (per unit volume),
we obtain the density of late time particles as
ρP =
ˆ ∞
0
d3k
(2pi)3
|βk|2ωi
=
ˆ ∞
0
dk
8pi2
k2ωb
(
1− ωi
ωb
)2
. (3.46)
At small scales close to the initial bounce (‘in’ region)
we can approximate mai  1, thus, ωi ≈ k. Then,
Eq. (3.46) reduces to
ρP ≈ 1
8pi2
ˆ
dk k2ωb
(
1− k
ωb
)2
=
1
8pi2
[
ωbk
(
k2
2
− m
2a2b
4
)
−k
4
2
+
m2a2b
4
ln(2k + 2ωb)
]
. (3.47)
This integral has obviously, a logarithmic divergence
when it tends to the ultraviolet limit, k →∞ [31, 32], so
that it is necessary to regularize it.
Using the n-wave method developed in Ref. [27], which
consists in subtracting terms obtained by expanding ρk
in powers of k−2:
ρrenk = ρk − E(0)k − E(1)k −
1
2
E
(2)
k (3.48)
in which we have defined
E
(p)
k = limn→∞
∂pρ
(n)
k
∂(n−2)p
, (3.49)
where ρ
(n)
k := ρk(nk, nm)/n, and n is the parameter
that characterizes the order of the divergence. Therefore,
E
(0)
k , E
(1)
k and E
(2)
k eliminate, respectively, the logarith-
mic, quadratic and the quartic divergences. Following the
regularisation procedure corresponding to a full renor-
malisation of the coupling constants [28, 29], we have
that
ρk = ωb − 2k + k
2
ωb
(3.50)
which follows that ρ
(n)
k = ρk; then, we find the renor-
malised energy as [31]
ρrenk = ρk − E0k = 0 , (3.51)
which is zero. Vanishing energy density of created par-
ticles indicate that quantum field effects associated with
the cosmological dynamics at late time do not change the
nature of quantum gravity bounce in the far future.
IV. CONCLUSION AND DISCUSSION
In this work, we considered a flat FLRW universe
whose matter content is dominated by a dust fluid at
early time and a phantom dark energy component at
late time (cf. see Section II). We employed loop quan-
tum cosmology to govern the geometry of space-time at
Planck era. In particular, quantum gravity effects mod-
ified the dynamics of the universe in the primordial and
late time phases, thus, resolved the big bang singular-
ity in the past and the big rip singularity in the future,
8and replaced them by quantum bounces. This indicated
that the resulting quantum bounce and recollapse in our
herein model contribute a cyclic scenario for the universe.
In classical cosmology, in general, different matter com-
ponents provide different types of singular fate for the
universe at late times. Subsequently, loop quantum grav-
ity resolves those singularities so that the resulting quan-
tum bounce and recollapse give rise to different cyclic
scenarios for the universe. Our main concern in this
paper was to construct a cyclic scenario in the FLRW
universe, in order to investigate the phenomena of cos-
mological particle production by quantum gravity effects.
Nevertheless, for further studies of possible cyclic models
driven by loop quantum cosmology, we suggest readers to
refer to the recent paper Ref. [16] and references therein.
We studied quantum theory of a massive, non-
minimally coupled scalar field on the resulting cyclic cos-
mological background. Our aim was to investigate par-
ticle production by semiclassical gravitational effects, in
an expanding phase towards late time. In general, in a
curved space-time background, it is not possible to define
a unique vacuum state [26]. However, in the asymptot-
ically static ‘in’ or ‘out’ regions followed by a period of
expansion, the notion of asymptotic vacuum states come
closest to a Minkowski-like vacuum [1]. In our herein
model, the scale factor of the universe starts expanding
from an initial quantum bounce (for some times ηi ∼ 0,
on a ∼ ai, where ai ∼ (M/mPl)1/3`Pl and M is the to-
tal mass of the universe) towards a late time bounce (for
some times η ∼ ηb, where a ∼ ab = a0(ρcrit/ρ0)1/|β|).
Therefore, the scale factor of the universe admits two
asymptotic static forms at the initial and final states1.
We have used this static approximation, as ‘in’ or ‘out’
regions, in the computation of created particles (cf. Sec-
tion III). However, it must be stressed that, this does
not lead to a trivial situation, since this approximation
is different from the usual Minkowski asymptotic approx-
imation [1] and from the sudden singularity approxima-
tion [31, 32]: in the present case, the transition from a
matter dominated region to a dark energy dominated re-
gion, gave rise to the Planck regimes (in which quantum
gravity effects are inevitable) at two different asymptotic
phases, which consequently, leaded to distinct ‘in’ and
‘out’ vacuum states. Moreover, in the asymptotic lim-
its (i.e., η → 0 and η → ηb), the first time derivative
of the scale factor is zero, but the second time deriva-
tive is finite. These different contexts are reflected in the
matching conditions (via transition time ηc) connecting
1 Similar assumption was previously employed for a universe hit-
ting a sudden singularity in the far future [31, 32]. Therein,
asymptotic static (out) region was considered to be at the singu-
lar phase (t ∼ ts), where the scale factor and its first time deriva-
tive approach constant values, while the second time derivative
of the scale factor diverges as t → ts. Moreover, the transition
from one regime to the other, at ηc, was assumed to be at the
singular phase, a(ηc) = as and a˙(ηc) = a˙s = const.
the initial and final states. Nevertheless, it does not af-
fects on the final particle production, since the particle
number (cf. see Eq. (3.45)) depends only on the charac-
teristic of the initial and final vacuum.
For a scalar field, undergoing cosmological evolution
between the initial and final static phases, we solved
the Klein-Gordon equation in the (past) matter dom-
inated region (η < η0), and the (future) dark energy
dominated region (η > η0); the conformal time η0 de-
notes the present, being the transition time (i.e., ηc = η0)
from matter dominated regime to dark energy dominated
regime. We obtained mode functions of the fields close
to the initial and final bounces whose forms are similar
to that of a flat space mode function. For the herein
massive scalar field, different cosmic scales of the initial
and final phases leaded to different frequencies for the
modes of the quantum fields, and consequently, provided
non-unique vacuum states in the ‘in’ and ‘out’ regions;
this non-uniqueness of the vacuum was accompanied by
particle production phenomena in the ‘out’ region. For
a massless scalar field, however, mode functions of the
‘in’ and ‘out’ regions are the same as e−ikη, possessing a
unique vacuum of the Minkowski space; hence, there is
no final effects for the particle production at late time,
for massless fields.
The energy density of quantum scalar field, ρϕ, in the
herein model, was assumed to be negligible initially in
comparison to the quantum background density (which
is of the order ρ ∼ ρcrit = 0.41ρPl) near the initial
bounce. Moreover, there were no particles production
initially since A+~k
A−~k |0in〉 = 0. Our concern, thus, was to
investigate the back-reaction of quantum effects carried
by the total particles created in the ‘out’ region. We thus
computed the total density of the quantum particles, ρP ,
created at late time, on approach to the future bounce
where the energy density, curvature and the scale factor
of the background geometry reaches their upper bounds.
Our analysis showed that the density of created particles
in the ‘out’ region remains negligible in comparison to
the quantum background density (i.e, ρP  ρcrit). This
indicates that the back-reaction effects of the quantum
particle production do not influence the evolution of the
universe until late time. In addition, the future bounce,
induced by quantum gravity effects, was unscathed by
the back-reaction from the quantum field.
One important issue for the model analysed here is the
possibility of observational traces of the quantum phase
and of the oscillatory behaviour of the universe. This
would require, for example, to compute the evolution of
perturbations in the model. However, we must face an
important limitation: We have no classical covariant for-
mulation of the equations of motion governing the evo-
lution of the universe. Strictly speaking, this analysis
would require to return to the full quantum model in per-
forming the perturbative analysis, what implies in con-
siderable technical difficulties (c.f. Refs. [22, 23]). This
drawback is less severe in the case of gravitational waves
(see Ref. [34]), since there is no coupling of the spin 2
9modes with the scalar and vectorial modes (which are
directly connected to the matter content), at least at lin-
ear level. If the gravitational waves, represented by the
propagation of the traceless, transverse field δgij = hij ,
obeys the same equation as in the usual general relativity
case, that is,
µ′′ +
(
k2 − a
′′
a
)
µ = 0, (4.1)
where hij = aijµ, with ij being the polarisation ten-
sor and a(η) the scale factor, we would have the same
equation as for a massless scalar field propagating in the
geometry determined by the background equations [35].
We would have in this case, qualitatively, the same be-
haviour as displayed in figure 2 for the massive field, but
with an accumulative divergence for transplackian values
of k. However, it is not sure that equation (4.1) remains
the same in the present case. Moreover, the transplanck-
ian regime would require a full quantum analysis, includ-
ing for the background. Due to these important difficul-
ties to surmount, we postpone a perturbative analysis for
future researches.
In general, a cyclic universe seems to be in conflict with
the second law of thermodynamics. More precisely, the
entropy of the universe increases, through natural ther-
modynamic processes, in every cycle of expansion and
contraction [36, 37]. So that, at the beginning of a new
cycle, there is higher entropy density (than the previous
cycle) because of the entropy added from earlier cycles.
It turns out that the duration of a cycle is sensitive to the
entropy density, thus by increasing the entropy, the du-
ration of the cycle increases as well. On the other hand,
the cycles become shorter and shorter the further back
we go until, after a finite time, they shrink to zero du-
ration. New hope for a consistent cyclic cosmology, to
get rid of this puzzling situation, was provided by intro-
ducing a cyclic model based on (phantom) dark energy
[38, 39], and also in an ekpyrotic scenario derived from
the brane-world cosmological model [40]: in both scenar-
ios, there are accelerating phases leading to a suppression
of entropy. In the context of LQC, there are several pro-
posals in order to deal with the issue of entropy problem
in bouncing universe [41–43]. In addition, presence of the
quantum fields in such bouncing scenario may also give
rise to the significant effects on entropy generation from
particle creation; there are inquiries on finding a viable
measure of entropy for particle production processes in
literature (see for example Refs. [44, 45]). In the present
model, the oscillatory behaviour indicated in the quan-
tum modes (see figure 2) may be a hint that there is no
major problem with the cumulative effects as the cycle
goes on. This oscillatory behaviour breaks down as the
Planck regime is approached. But, the approximation
made in the present work may not be valid in the deep
Planck regime. The necessary renormalization procedure
changes also the high frequency behaviour. Nevertheless,
more investigation is needed in order to understand the
effects of particle creation on generation of the entropy
near the quantum bounce in the full quantum theory.
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